Recent progress on time-division multiplexed ͑TDM͒ and wavelength-division multiplexed ͑WDM͒ soliton transmission is described, in which dispersion management plays an important role in increasing the power margin and the dispersion tolerance. The characteristics of the dispersion-managed soliton are compared with those of return to zero and nonreturn to zero pulses. With a small dispersion swing, the system can still be described as an average soliton using the nonlinear Schrödinger equation, while with a large dispersion swing, the solitonlike steady-state pulse becomes a chirped Gaussian pulse, in which the governing equation is closer to a linear Schrödinger equation with a parabolic potential well. We describe an in-line modulation scheme for up to 80 Gbit/s per channel and its two channel WDM transmission over 10 000 km. Finally, we describe 640 Gbit/s (40 Gbit/sϫ16 channels͒ WDM soliton transmission over 1000 km with a dispersion-managed single-mode fiber. © 2000 American Institute of Physics.
I. INTRODUCTION
It has long been said that a serious drawback to soliton transmission is that a special fiber of long length must be prepared which has an anomalous group velocity dispersion ͑GVD͒. However, to maintain a high signal to noise ratio, data pulses with a relatively high peak power must be coupled into such a fiber. This causes additional wave distortion through nonlinear mixing effects. Recently a new soliton transmission technology, which incorporates a dispersion management technique, has been reported to suppress such effects. This technique enables us to use an already installed fiber cable or dispersion-compensated fiber cables for soliton transmission. The ''dispersion-managed ͑DM͒ soliton'' technique enables a soliton to propagate even in fibers with normal GVDs as long as the average GVD is kept in the anomalous region.
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The idea of employing dispersion compensation for soliton transmission was first reported in 1991 by Ellis et al. 1 and we also reported it independently in 1992 with a view to minimizing pulse broadening and expanding the amplifier spacing. 2 In Ref. 1, the principle was based on the path average soliton 9 and the main transmission line was a nonsoliton ͑normal GVD͒ fiber and a soliton ͑anomalous GVD͒ fiber was used as a dispersion compensation fiber. However, even in this special case, it has been shown recently that a DM soliton can be transmitted. [10] [11] [12] [13] [14] [15] In our scheme, 2 the main transmission line was a soliton fiber and the dispersion compensation was achieved with the nonsoliton fiber. When a DM soliton is used, the sideband instability 16 between the soliton and the dispersive waves has less influence because phase matching for the four-wave mixing is unlikely to occur. Thus, a DM soliton has a much larger power margin than an ordinary soliton in a uniform dispersion. 7, 8 It can be said that the DM soliton is the best way of achieving both high speed long distance single-channel transmission and dense wavelength-division multiplexed transmission.
The DM soliton does not experience a large nonlinear phase change when the dispersion perturbation is large. The soliton behaves like a linear pulse such that the pulse broadening due to positive GVD can be compensated for by negative GVD. However, the DM soliton retains its soliton nature over the average soliton period. The important point is that when the dispersion perturbations are small, the system is fully described by a perturbed nonlinear Schrödinger equation ͑NLS͒, but when the dispersion perturbation is large, the steady-state pulse deviates from being a soliton and is closer to being a Gaussian pulse with chirp. [17] [18] [19] [20] [21] [22] [23] [24] The physics of this mechanism is similar to that of FM mode locking and stretched pulse mode locking, 25, 26 in which the phase ͑fre-quency͒ modulation is generated by an average self-phase modulation ͑SPM͒.
Most discussions on DM solitons have been confined to the anomalous GVD region, however, Nijhof et al. Have shown numerically that a stable steady-state nonlinear pulse can exist even in the average normal GVD region, as we previously mentioned in this section. 10 At the same time, by using coupled Lagrangian equations ͑the variational method͒ for the pulse width and corresponding chirp, several authors have pointed out analytically that there is a stable solution even when the average dispersion is in the normal GVD region. [11] [12] [13] [14] [15] [27] [28] [29] A rigorous waveform analysis is provided in Refs. 28, 30 , and 31 that uses Hermite-Gaussian wave functions. These nonlinear pulses exist when both the dispersion allocation and the input power are large, however such pulses are unsuitable for long distance communication because of the strong interaction between pulses.
The invention of the 1.48 m InGaAsP laser diode pumped erbium-doped fiber amplifier ͑EDFA͒ in 1989 was also very important to bring soliton communication into the developmental stage. 32 Based on Snitzer et al. ' s idea, 33 we successfully demonstrated for the first time that it was possible to fabricate a compact EDFA using a 1.48 m laser diode source. Raman amplification was used for soliton amplification before the EDFA was discovered. 34 However, it required a high pump power and it was not easy to obtain a high gain with a small pumping source. On the contrary, the use of the 1. 48 m InGaAsP laser diode pumped EDFA offered a great potential for soliton amplification in terms of high gain, high power, and low noise characteristics, and we demonstrated for the first time efficient amplification of solitons using the EDFA. 35 This may be considered the starting point of commercially available soliton communication technology.
In this paper, we describe the superb characteristics of the DM soliton in time-division multiplexed ͑TDM͒ and wavelength-division multiplexed ͑WDM͒ systems. Most of the experiments and related analyses in this paper were undertaken at NTT over the past decade. We have tried to provide a comprehensive explanation of how we were able to establish the DM soliton technique.
The paper is divided into the following sections. Figure 1 shows recent progress on TDM and wavelength-division multiplexing ͑WDM͒ transmission technology. The innovative increase in the transmission capacity is an adoption of WDM. The first step was a 5 Gbit/s x multichannel transmission over 10 000 km. This was not so difficult because of its low bit rate. Although many channels were needed to increase the total capacity, a conventional nonreturn to zero ͑NRZ͒ format was used. The difficulty posed by using this technique was the need to handle in excess of 50 channels. To reduce the number of channels, the next scheme involved an increase in the bit rate to 10 Gbit/ s/channel. For example, 10 Gbit/sϫ50 channel transmission experiments over 5000 km were reported by KDD and Tyco using the NRZ format. However, it was not easy to transmit 10 Gbit/s WDM signals over 10 000 km since the cross phase modulation ͑XPM͒ between channels causes a seriously detrimental effect on the transmission quality. Recently, the forward error correction technique has been successfully used to send 1 Tbit/s (10 Gbit/sϫ100 channels) signals over 10 000 km. 36 With the conventional NRZ format it is not possible to send high speed signals over long distances. In this regard, however, the DM soliton is advantageous since the wave distortion due to nonlinear effects such as self-phase modulation ͑SPM͒ and XPM are greatly reduced through the use of the soliton effect and dispersion management. Recently, 20 Gbit/sϫ50 channel DM soliton transmissions over a few thousand kilometers have been reported by CNET 37 and NEC-OKI. 38 It is also important to note that when we use the DM soliton, it is possible to construct a single channel optical TDM or electrical TDM high speed soliton transmission system, which would not be possible using the conventional NRZ format.
II. RECENT PROGRESS ON HIGH CAPACITY OPTICAL TRANSMISSION AND BRIEF HISTORY OF OPTICAL SOLITON COMMUNICATION
In order for readers to easily understand how soliton transmission became a mature technology, a simple history of soliton communication is summarized in Fig. 2 . The optical soliton in fibers was proposed in 1973 by Hasegawa and Tappert. 39 They showed that the soliton was ideal as a transmission signal since its wave form does not change during propagation. However, the nonlinearity is weakened by the fiber loss and the soliton ultimately broadenes due to dispersion. As the next step, fiber loss was compensated for by optical gain via Raman amplification or EDFAs. The first soliton transmission experiment was reported by Mollenauer and Smith by using Raman gain. 34 The experiment demonstrated that a soliton pulse is suitable for long distance communication, but the gain was not sufficient because of low pumping power. However, the development of an LD pumped compact EDFA whose gain exceeded 30 dB easily made it possible to send solitons over long distances. 32, 35 We believe this was the starting point of practical soliton communication, as it enabled us to send a modified soliton over long distances. This scheme was called the average soliton or dynamic soliton since the average nonlinearity balances with the dispersion. Here, the pulse width does not change in one period, but its amplitude undergoes large changes. In this scheme it is important to note that the fiber dispersion is kept constant over long distances.
However, this constant GVD is not practical since there is a dispersion change every few kilometers in an actual fiber due to the splicing. If it were possible to include a fiber with a normal GVD in a soliton transmission line, there would be enormous advantages for practical soliton transmission systems. Our adoption of dispersion management in 1992 revealed a number of advantages such as extension of the repeater spacing and transmission distances. 2 The reduction of soliton interaction and the extension of the repeater spacing and transmission distance have been experimentally demonstrated by LeGuen et al. 37 In addition, by decreasing the average dispersion to very close to zero, it is possible to avoid Gordon-Haus jitter. 40 We pointed out that such DM solitons have a very large power margin and dispersion tolerance. 8, 41 However, the features of the DM soliton make it far from ideal because its amplitude and pulse width change simultaneously. This is called a breathing soliton, which has the shape of a chirped Gaussian pulse. The core part of the DM soliton behaves like a soliton on average, but the overall features are not the same as an ideal soliton.
III. DISPERSION-MANAGED "DM… SOLITON WITH A SMALL DISPERSION SWING

A. Principle
Although soliton transmission is a very attractive method for realizing high-speed, long-distance communication, there are serious problems such as soliton-soliton interaction, Gordon-Haus jitter, and changes in the GVD along the fiber. In this section, we show that all of the abovementioned difficulties can be overcome by adopting dispersion management even in the normal dispersion region. A DM soliton can exist provided that the average dispersion D ave over the soliton period is anomalous even though part of the dispersion in the transmission line has highly normal GVD. It is well known that solitons can withstand dispersion fluctuations within the anomalous GVD region when the soliton period Z sp is much longer than the dispersion fluctuation period. 9 However, until our work and the work of Ellis et al.
1 and Kubota and Nakazawa, 2 no one had yet extended this idea to include the normal dispersion region. The present idea is that a soliton can survive even in a normal GVD region if D ave remains anomalous.
Let the distance at which the dispersion value changes from normal to anomalous or anomalous to normal be L DA . L DA represents a dispersion allocation distance which is shorter than L a . Here we consider a sech-type ͑hyperbolic secant͒ bright soliton, and assume a low dispersion swing. 42 A random change is allowable in the GVD value between normal and anomalous as long as D ave is anomalous. The NLS with a perturbation, F(u), and a dispersion, D i , which is different from the average dispersion, D ave , is given by Assuming that u can be described in the form
and that U(,) and f (,) satisfy the following equations when an average soliton experiences a fiber loss, ⌫, as a perturbation,
we obtain
Thus, the total nonlinear phase change for a repeater spacing L a is given by
Here we assume that one repeater span consists of two fibers.
One has a GVD of D p with a length of l p and the other has a GVD of D n with a length of l n . By definition, D ave is given as
and Eq. ͑4͒ is rewritten as
For u to behave as a soliton, f should be time independent and therefore the coefficient of sech 2 (2) should be zero. This requirement gives us the following relationship between the initial amplitude U 0 and the fiber loss ⌫L a :
The average soliton period, Z sp͑ave͒ , is expressed as
where is the input pulse width. Z sp͑ave͒ can be extended much further than L a , even though we use highly normal or highly anomalous GVD fibers which locally have short soliton periods in each section. By choosing a small D ave ,L a can be extended to a distance comparable to that in a conventional intensity modulation/direct detection ͑IM/DD͒ system. For a pulse width of , the soliton peak power in the present system is given by P Nϭ1͑ave͒ ϭ0.776
The DM soliton amplitude at the input is the same as that of an average soliton. A significant difference between the present soliton and a conventional average soliton is that the former can propagate even in the normal GVD region. A stable soliton exists when the product of the fiber dispersion and its length is much smaller than D ave Z 0 ͑ave͒ as shown in Eq. ͑10͒.
Here ⌬ P is the dispersion perturbation and Z 0 ͑ave͒ is the normalized distance. This ⌬ P was named the S parameter, and it describes the strength of the dispersion map. 10, 29 As l a /Z 0 is much smaller than unity, ͚ i ͉D i l i /D ave Z 0 ͉Ӷ1 is an important requirement for transmitting a DM soliton with a sech wave form. The DM soliton does not experience a large nonlinear phase change when the above-mentioned requirement is satisfied. The soliton behaves like a linear pulse so that the pulse broadening due to the normal GVD is compensated for by the anomalous GVD. However, it behaves like a pure soliton over Z sp͑ave͒ . Figure 3 shows how DM solitons can propagate over long distances. 3 Here L a was kept to 90 km and L DA was 30 km in the normal GVD region and 60 km in the anomalous region. The transmission speed was 10 Gbit/s, the input DM soliton pulse width was 20 ps, and the transmission distance FIG. 3 . Soliton transmission through dispersion-managed fiber. ͑a͒ A dispersion-managed fiber with a D ave of ϩ0.2 ps/km/nm consisting of a 30 km Ϫ2 ps/km/nm section and a 60 km ϩ1.3 ps/km/nm section. ͑b͒ From Ϫ2 ps/km/nm fiber to ϩ0.7 ps/km/nm fiber with a D ave of Ϫ0.2 ps/km/nm. was 1170 km. A 2 5 -1 pseudorandom pattern was used as the input soliton train and the results showed eye patterns at the output. In Fig. 3͑a͒ the soliton propagates from a 30 km fiber with a GVD of Ϫ2 ps/km/nm to a 60 km fiber with a GVD of ϩ1.3 ps/km/nm. This condition gives a D ave of 0.2 ps/km/nm and a Z sp͑ave͒ of 792 km, which is much longer than L a . As seen in Fig. 3͑a͒ , the soliton was able to propagate stably over 1170 km very easily without distortion.
To show that this pulse was a soliton, D ave was made normal. Figure 3͑b͒ shows a nonsoliton transmission in which D ave was set at Ϫ0.2 ps/km/nm. Here we used a 30 km fiber with a Ϫ2 ps/km/nm GVD and a 60 km fiber with a ϩ0.7 ps/km/nm GVD. As can be clearly seen, the pulse was distorted and eventually became rectangular. These results indicate that an average soliton can exist when D ave is anomalous. Figure 4 shows how the soliton pulse width changes as it propagates through a dispersion-managed fiber consisting of a 30 km fiber with a Ϫ2 ps/km/nm GVD and a 60 km fiber with a ϩ1.3 ps/km/nm GVD. D ave is 0.2 ps/km/nm and Z sp͑ave͒ is 793 km. The pulse width of the present soliton ͑thick solid line͒ deviates slightly from that of the uniform average soliton ͑dotted line͒ because the dispersion perturbation is large, but it is entirely different from a linear pulse as shown by the dashed line. The thin solid line represents the situation when a smaller dispersion perturbation ͑a 30 km fiber with a Ϫ0.4 ps/km/nm GVD and a 60 km fiber with a ϩ0.5 ps/km/nm GVD͒ is applied to the system, where more stable pulse propagation is achieved. The dotted line shows the condition when a uniform GVD of ϩ0.2 ps/km/nm is used.
These results prove that a new kind of soliton can exist in a dispersion-managed fiber system, and this enables us to use different kinds of fiber. This technique makes it possible not only to extend the repeater spacing, 2 but also to reduce Gordon-Haus jitter as the average GVD can be set at a very small value. 4 It is also possible to control the new solitons using filters, modulators, and optical gain.
Here we analyze how much perturbation can be allowed for stable soliton propagation. 42 As D i is much larger than D ave the average soliton behaves just like a dispersive wave in each region. Thus, the pulse broadening
͑11͒
An important requirement for the present soliton is that this broadening should be much less than the original pulse width. Thus, a requirement of
is obtained. This is quite reasonable because if the broadening is not negligible in relation to the original pulse width, the perturbation to the soliton becomes large and eventually the soliton pulse becomes a mere dispersive wave. A soliton is stable when the product of dispersion and fiber length is smaller than D ave Z 0͑ave͒ . Here Z 0͑ave͒ is the normalized distance which has a relationship of Z sp͑ave͒ ϭ(/2)Z 0͑ave͒ . We will describe the DM soliton with a ⌬ P much larger than unity in Sec. VI, and show that a larger peak power is required to maintain such solitons.
B. 40 GbitÕs-1000 km soliton field experiments using commercially installed optical fiber cables with dispersion management
The dispersion management technique described in Sec. III A made it possible to undertake a soliton communication field trial very easily using the conventional fiber cable already installed for commercial 2.4 Gbit/s systems. In this section, we describe a 40 Gbit/s soliton transmission field test in which we used part of the Tokyo metropolitan optical loop network with a radius of 100 km. In this field experiment, we employed a dispersion compensation technique to keep the average dispersion at a small constant value and this resulted in an error-free 5 ps soliton data transmission over 1000 km.
The location of the field test is shown in Fig. 5͑a͒ . We used a total of four repeater terminals, which were located at Mito, Utsunomiya, Sano, and Maebashi. The distances between the Mito and Utsunomiya terminals ͑MU͒, Utsunomiya and Sano terminals ͑US͒, and Sano and Maebashi terminals ͑SM͒ were 70, 50, and 50 km, respectively. The transmitter and receiver were placed at the Mito terminal and the total transmission distance was extended to 2500 km by repeatedly cascading these terminal spans as shown in Fig.  5͑b͒ . The average fiber losses of the MU, US, and SM sections were 18.5, 14.3, and 14.3 dB, respectively. The optical cable in the network is normally used for a 2.4 Gbit/s commercial system. In each fiber cable one section was typically 2 km long with a GVD in the range of Ϯ1 ps/km/nm. An example of the dispersion change in every span is shown in Fig. 6 . We measured the average GVD of the fibers in each span using the roundtrip phase rotation method which we developed. 43 With this method, the signal wave is reflected at the far end of the fiber by a high reflection mirror of an optical circulator, and is amplified by an EDFA installed at the far end. This method enables the GVD of an installed fiber to be measured easily and precisely over 100 km. The average fiber dispersion for one repeater section at 1552 nm varied between 0.06 and 0.23 ps/km/nm. So, we applied dispersion compensation to each span to keep the average GVD constant through the transmission line. We adjusted the average GVD to 0.05 ps/km/nm by inserting a dispersion compensation fiber ͑DCF͒ before each EDFA repeater. The DCF had a GVD of approximately Ϫ10 ps/km/nm.
The optical source was a regeneratively mode-locked fiber laser operating at 10 GHz with a pulse width of 5 ps and a spectral width of 0.5 nm. 44 The pulse was modulated at 10 Gbit/s with a 2 15 -1 pseudo random binary sequence ͑PRBS͒ using a Lithium Niobate ͑LN͒ intensity modulator. A planer lightwave circuit ͑PLC͒ was used to optically multiplex the 10 Gbit/s signal into a 40 Gbit/s data train. The average fiber coupled signal power for the MU, US, and SM sections were ϩ5, ϩ3, and ϩ3 dBm, respectively. The transmitted 40 Gbit/s soliton pulse was demultiplexed directly into a 10 Gbit/s signal by using an electroabsorption modulator with the recovered 10 GHz clock signal obtained from part of the transmitted 40 Gbit/s signal. The gate width for the optical demultiplexing was 20 ps and the extinction ratio of the gate switch was more than 20 dB. We detected the demultiplexed signals with an InGaAs optical receiver and then measured the bit error rate ͑BER͒ for each demultiplexed channel.
The input and output wave forms ͑1020 km͒ of a pseudorandom soliton pulse and their spectra are shown in Fig. 7 . Figures 7͑a-1͒ and ͑a-2͒ show the input wave form and its spectrum and Figs. 7͑b-1͒ and ͑b-2͒ show the output wave form and its spectrum, respectively. Pulse broadening of about 1 ps occurred during transmission. However, we observed a timing shift of approximately 2 ps from the proper pulse position. As the amount of timing shift depended on the polarization state of the soliton signal, this shift was mainly due to the residual polarization mode dispersion ͑PMD͒ of the fiber cable. We observed a signal-to-noise ratio ͑SNR͒ degradation in the pulse wave form after a transmission of 1020 km. Since the optical spectra after the transmission had a SNR of more than 30 dB, the dc component in the wave form was mainly from nonsoliton components. In Fig.  7͑b-2͒ , the spectral component corresponding to the 40 GHz carrier was reduced after the transmission. This may be due to the timing shift of the transmitted soliton pulse. This 40 Gbit/s soliton field experiment was very important since it verified that data can be sent at high speeds over 1000 km through an already installed DSF not designed for such high speed data transmission.
IV. DM SOLITON WITH A LARGE DISPERSION SWING
There have been many numerical and analytical reports concerning DM solitons.
1-31 When we use a DM soliton, in the simplest case we employ fibers that have alternating anomalous and normal GVDs. This is to reduce the influence of the sideband instability between the soliton and the dispersive waves, which decreases the likelihood of phase matching due to four-wave mixing. In other words, the DM solitons are useful not only in terms of compensating for the GVD, but also for eliminating other nonlinear effects which arise as a result of the phase matching caused by uniform low dispersion over long distances. When the dispersion perturbations are small, the dispersion managed system is fully described by a perturbed NLS as we described in Sec. III. However, when the dispersion perturbation is large, the steady-state pulse deviates from being a sech soliton and is closer to being a Gaussian pulse with chirp. Here we describe the case of a large dispersion swing.
Most discussions on DM solitons have been confined to the anomalous GVD region, however, it has been pointed out numerically that a stable nonlinear pulse can also exist in the average normal GVD region. 10 Simultaneously, by using coupled Lagrangian equations concerning the pulse width and corresponding chirp, several authors pointed out analytically that there is a stable solution even when the average dispersion is in the normal GVD region.
11-15,27-29 Such a nonlinear pulse exists when both the dispersion allocation and the input power are large.
To investigate the steady state pulse characteristics, we use the variational method derived by Anderson. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 45 Because of a large linear chirp in the transmission line, which is of course modified by the Kerr nonlinearity, we assume a Gaussian ansatz as the steady-state pulse,
where A, , C, and indicate the pulse amplitude, pulse width, chirp, and phase, respectively. By putting Eq. ͑13͒ into an original NLS without fiber loss ͓Eq. ͑1͔͒, the variational method yields the following coupled equations between the pulse width and the chirp: 
where D is the normalized dispersion, E 0 ϭ⑀/&, and A(z) 2 (z)ϭ⑀ ͑energy is constant͒. We ignore the fiber loss.
In Fig. 9 , we show the well-known relationship between the normalized average GVD, D ave , and the normalized pulse energy ⑀ by using the normalized dispersion swing given by Ϯ⌬D. Therefore, the actual normalized GVD in the higher GVD region is given by D high ϭD ave ϩ⌬D and that in the lower GVD region is given by D low ϭD ave Ϫ⌬D. The length of each GVD region is the same, so that D ave ϭ(D high ϩD low )/2. We used ⌬D values of 2, 26.5 and 50 in Fig. 9 . A ⌬D of 2 means that the dispersion management is weak. A ⌬D of 26.5 means that the lower GVD is well into the normal GVD region. A ⌬D of 50 indicates that the system is very largely dispersion managed. For a small ⌬D of 2, the pulse energy increases linearly with the average dispersion, which is a characteristic of a sech-shaped soliton pulse ͑low dispersion swing͒. This average soliton has already been described in Sec. III. When the dispersion management becomes large with a ⌬D of 26.5, the soliton energy is increased to maintain a steady-state pulse. We call this energy increase the energy enhancement factor. However, in this dispersion allocation map, there is still no steady-state pulse in the average normal dispersion region. When we further increase the dispersion swing to a ⌬D of 50, a nonlinear pulse starts to have a steady-state solution even in the normal GVD region. Such behavior starts to occur at a ⌬D of around 30. This can be understood as follows. In the first segment of the fiber ͑anomalous GVD͒, soliton compression occurs because of the large peak power, resulting in a slight spectral broadening. When such a pulse is coupled into the second segment of the fiber ͑normal GVD͒, the pulse is broadened further compared with a linear case ͑large ⌬D but small coupled power͒. With this pulse change, the steady-state minimum pulse in the anomalous GVD section is narrower than that in the normal GVD section. In other words, the dynamic average GVD defined by GVD/ ͑pulse width͒ 2 integrated over the anomalous GVD region becomes bigger than that in the normal GVD region even when the absolute GVD in the anomalous GVD region is smaller than that in the normal GVD region. That is, the dynamic average dispersion is still in the anomalous GVD region. This is the first principle of the existence of a steadystate pulse in the normal GVD region. However, it should be noted that the pulse is inevitably broadened by a large amount in one period of the dispersion-managed fiber.
When we try to use such a steady-state nonlinear pulse train in the normal GVD region for a high speed optical transmission, an unusually large nonlinear interaction occurs. This makes it difficult to send a data signal over long distances. This occurs because of the greatly broadened nonlinear pulses in the normal GVD region where pulse interaction is significant since the coupled peak power of the pulse still generates a nonlinear phase change.
In Fig. 10 , we show typical pulse-pair interactions in three cases. In each case, one span consists of a 50-km-long fiber with an anomalous GVD of 16 ps/km/nm and a 10-kmlong DCF with a normal GVD. The normal GVD was changed to obtain a different GVD with a different sign. The pulse width at the input and the pulse separation were 20 and 100 ps, respectively. In Figs. 10͑a͒, 10͑b͒, and 10͑c͒, the average GVD was set at 0.1, 0.0, and Ϫ0.2 ps/km/nm, respectively. The coupled peak powers were 12, 10, and ϩ24 dBm, respectively. That is, Fig. 10͑a͒ is a pure DM soliton in the anomalous GVD region, Fig. 10͑b͒ is a zero GVD pulse, and Fig. 10͑c͒ corresponds to soliton like pulse propagation in the normal GVD region. Therefore, the coupled power in Fig. 10͑c͒ is much larger than those in Figs. 10͑a͒ and 10͑b͒. The pulse pair maintains its separation in Fig. 10͑a͒ although there is interference between the pulses. In Fig. 10͑b͒ , a strong interaction occurs but the pulse separation does not change appreciably. However, it should be noted that a large pulse separation occurs in Fig. 10͑c͒ . This result indicates that such a solitonlike pulse in the normal GVD region has a very strong interaction force. This occurs because of its large transmitting power. Even when the pulse is broadened due to the large GVD, there is still a nonlinear phase change. In Fig.  10͑c͒ , although the transmitting pulse width is much shorter than its pulse separation ͑the pulse separation when the interaction occurs is more than ten times broader than the pulse width͒, a nonlinear interaction still occurs due to the large pulse broadening accompanied by a sufficient nonlinear phase rotation in one span. When pulse overlapping occurs, it causes a mutual repulsive effect, which leads to a large residual pulse separation as shown in Fig. 10͑c͒ . These results suggest that we must be very careful when using a nonlinear steady-state pulse in the normal GVD region due to the large pulse interactions. The actual transmission quality including the behavior of these pulses can be evaluated numerically by using the Q mapping technique we developed. 46 This will be described in Sec. V.
V. Q CONTOUR MAP AND SYSTEM EVALUATION OF DM SOLITON
The Q value is the SNR of the received data eye and is directly related to the BER of the transmission system. 47 Q values are calculated from fluctuations in the transmitted wave form ͑eye pattern͒ as shown in Fig. 11 . If we assume the fluctuation has a Gaussian distribution, the BER can be directly calculated from the Q value. For example, Qϭ7 corresponds to a BER of 1ϫ10
Ϫ12
. Although the Q value is a measure of the SNR, it can also include a degradation in the transmission characteristics due to the nonlinear interaction of the pulse when a PRBS is used as the input data stream. Therefore, we can evaluate the transmission characteristics of a complicated transmission system which has a nonlinear interaction and noises simply from the Q value. An unnormalized NLS with fiber loss and dispersion change as a function of distance is given by
where kЉ(z) is the normalized local GVD value and ⌫ is the normalized fiber loss. k 0 Љ corresponds to the average GVD.
The last term indicates the self-Raman effect where t n is assumed to be 5.9 fs. The amplified spontaneous emission ͑ASE͒ power P ASE generated by the EDFA is given by
where h is the photon energy, B is the bandwidth, G is the gain, and is an inversion parameter. The ASE is assumed to be white noise and added to the signal after each amplification process. An optical filter is also applied to the transmitted wave form after the ASE has been added. The transmitted signal is detected by a quadrature detector. A base band electrical filter of 0.65ϫ bandwidth is applied to the detected signal to reduce the noise and then an eye pattern is drawn to measure the Q value. Since this method is applicable to any wave form and any dispersion configuration, we can compare the transmission characteristics of various transmission systems from the Q value. Using this Q value, we compare the characteristics of the DM soliton with those of conventional NRZ and return-to- FIG. 10 . Soliton collision characteristics. ͑a͒ Average GVDϭ0.1 ps/km/ nm, coupled peak powerϭ12 dBm. ͑b͒ Average GVDϭ0 ps/km/nm, coupled peak powerϭ10 dBm. ͑c͒ Average GVDϭϪ0.2 ps/km/nm, coupled peak powerϭ24 dBm.
FIG. 11. Definition of the Q value.
zero ͑RZ͒ pulse transmissions at zero GVD. Figure 12 shows a new method for evaluating the performance of optical transmission systems at 20 Gbit/s. This is called ''Q factor contour mapping'' and it can immediately evaluate the power margin and dispersion tolerance of a system. 46 With this map, we can compare the transmission performance of different optical systems. Figures 12͑a͒ and 12͑b͒ show Q contour maps of the transmitted peak optical power ͑EDFA output power͒ and the GVD of a transmission fiber. The transmission distance is set at 2560 km. This Q mapping enables us to evaluate the power margin from the vertical axis and the dispersion tolerance from the horizontal axis. Figures 12͑a͒ and 12͑b͒ correspond to the soliton and the NRZ transmissions, respectively. In both cases, the GVD is uniform.
The contours of the Q map in ͑b͒ are entirely different from those in ͑a͒, in which the Qϭ7 contour is much smaller than that in ͑a͒. It is interesting to note that the Q map is not symmetric in relation to zero GVD, which would be expected from a liner transmission property, but the results suggest that better transmission quality is obtained in the anomalous GVD region. This means that some type of soliton effect improves the transmission quality even for NRZ pulses. These results imply that a soliton transmission with uniform GVD is of better quality than an NRZ transmission at exactly zero GVD. Figures 12͑c͒ and 12͑d͒ show how the contours of the Q map can be improved through the use of dispersion allocation. The transmission distance is set at 5120 km in Fig.   12͑c͒ and at 2560 km in Fig. 12͑d͒ . As seen in Fig. 12͑c͒ , the DM soliton can greatly extend the transmission distance to over 5120 km, which is much further than that of a soliton with uniform GVD. The maximum Q can be obtained at a much higher transmission power, which corresponds to a power enhancement factor. 7, 8 These improvements are realized because phase matching is reduced. The transmission distance of a NRZ pulse using dispersion allocation is also further than that in Fig. 12͑b͒ , but it is limited to 3200 km ͑dotted line with Qϭ7͒, which is much shorter than that of the DM soliton. As clearly seen in Fig. 12͑c͒ , DM soliton transmission has a much larger power margin and dispersion tolerance than the dispersion-managed RZ and NRZ pulse transmissions at zero GVD. The contours in Fig. 12͑c͒ also show that the dispersion tolerance is much larger than that of the NRZ system.
These results suggest that DM soliton transmission is a very powerful optical transmission technique. DM solitons are useful not only to compensate for the GVD but also to eliminate other nonlinear effects which occur as a result of the phase mismatching caused by the large GVD in each fiber segment. Figure 13 compares the performance of three optical transmission systems ͑DM soliton, NRZ, and RZ transmission zero GVD͒ numerically. Two-step dispersion allocation is used in these simulations. Figures 13͑a͒ and 13͑b͒ show results for 10 and 20 Gbit/s systems, respectively. The horizontal axis, ⌬D 1 , is the amount of dispersion allocation from the average GVD in the first fiber segment with anoma- lous GVD and the vertical axis is the transmission distance. The maximum transmission distance is defined as the point at which the Q factor becomes 7. For the 10 Gbit/s evaluation, we used a 60 km span consisting of a 50-km-long anomalous GVD fiber and a 10 km dispersion allocation fiber. The amplifier noise figure was 8 dB, the PRBS was 2 7 -1, and the pulse width was 15 ps. The full width at half maximum ͑FWHM͒ of the filter width was 3 nm for both the DM soliton and NRZ at 10 Gbit/s, and the bandwidth of the baseband filter was 6.5 GHz. For the 20 Gbit/s evaluation, we employed different parameters. Here one span was 80 km. The first fiber had an anomalous GVD and was 30 km long and the succeeding fiber had a normal GVD and was 50 km long. The pulse width was 10 ps and the baseband filter width was 13 GHz. The FWHM of the installed optical filter was 2 nm for the DM soliton and 10 nm for the NRZ pulse.
Our intention was to derive a fundamental principle for two-step dispersion allocation even under different conditions. The various transmitted powers were chosen to obtain the maximum transmission distance for each dispersion allocation. As it is known that modulational instability degrades the quality of a NRZ transmission, 48 the dispersion allocation was reversed, that is the pulse train was transmitted from a normal to an anomalous GVD fiber.
It is clear from Fig. 13 that the DM soliton has the longest transmission distance in both 10 and 20 Gbit/s systems. It is interesting to note that the transmission distance is very sensitive to the amount of dispersion allocation in the soliton system. For example, the maximum distance is obtained at a dispersion allocation of approximately 4-6 ps/km/nm for 10 Gbit/s and 2-3 ps/km/nm for 20 Gbit/s. This means that there is an optimum allocation at which the average Kerr effect can be stably balanced with the average GVD. Even for RZ transmission at zero GVD, the maximum distance depends on the dispersion allocation. This is because the soliton nature can be maintained in the anomalous GVD fiber although the overall soliton effect is weak since the average GVD over one span is zero. For NRZ transmission, the maximum transmission distance is almost independent of dispersion allocation. This indicates that NRZ is most stable in the linear transmission region at relatively low transmitted power. From Figs. 13͑a͒ and 13͑b͒ , the typical transmitted powers needed to obtain the maximum transmission distance for a DM soliton, RZ pulse, and NRZ pulse transmission at 10 Gbit/s are ϩ6ϳϩ8, ϩ8, and ϩ2 dBm, respectively, and those at 20 Gbit/s are ϩ4ϳϩ8, 0ϳϩ4, and Ϫ4ϳ ϩ5 dBm, respectively. These results indicate that the DM soliton has the largest transmitted power and suppresses four-wave mixing with the aid of the dispersion management.
Finally we compare the reduction in the transmission distance for DM soliton and NRZ transmission when the average dispersion is changed. If the change in the transmission distance is very sensitive with respect to average dispersion, it may be difficult to realize a commercial system. Hence the importance of the present analysis. The result is shown in Fig. 14 for a DM soliton using 1.3 m single-mode fibers ͑SMFs͒. The conditions are the same as those of Fig.  13 . The launched power was optimized for each dispersion. The arrows in Fig. 14 indicate the transmission distance at a dispersion tolerance of 0.4 ps/km/nm. The distance is about 5000 km for a DM soliton pulse and 2000 km for NRZ signal. Here again, the transmission distance of the soliton signal is about 2.5 times greater than that of the NRZ signal against the change in the average GVD. These results indicate that a high quality transmission with a larger margin is possible with the DM soliton.
VI. EXPERIMENTAL COMPARISON OF DM SOLITON, NRZ, AND RZ PULSE TRANSMISSION
We confirmed the results shown in Sec. V with transmission experiments using a fiber loop as shown in Fig. 15 . The experiments comprised a 10 Gbit/s data transmission using SMF and DCF. 49 The amplifier spacing was 59 km, where a 50 km SMF was succeeded by a 9 km DCF, and the loop length was 472 km. The average GVD was 0.1 ps/km/nm. FIG. 13 . The maximum transmission distance vs two-step dispersion allocation. ⌬D 1 is the amount of dispersion allocation from the average GVD in the fiber segment. ͑a͒ 10 Gbit/s system, ͑b͒ 20 Gbit/s system. This condition corresponds to the filled squares on the dotted line in Fig. 13͑a͒ . The pulse width was 16 ps and the corresponding spectral width was 0.21 nm. The time-bandwidth product was 0.42. The signal wavelength was 1.553 m, and the data length was 2 7 -1 PRBS. The fiber loop consisted of eight amplifier spans, with eight 0.98 m pumped EDFAs and one 1.48 m pumped EDFA. In Fig. 13͑a͒ , the dispersion allocation with the 1.3 m fiber corresponds to as much as 16 ps/km/nm, nevertheless this still contributes to extending the transmission distance. This is our reason for using a conventional 1.3 m fiber. This technique is applicable to dispersion-shifted fibers with which much better results can be obtained, as expected from Fig. 13 because the dispersion allocation is much smaller than that for 1.3m SMF. Figure 16 shows BER results for solitons and RZ and NRZ pulses at zero GVD. The transmission distances for the NRZ, RZ, and DM soliton systems that guaranteed a BER of 1ϫ10 Ϫ10 were 3800, 4800, and 6000 km, respectively. As clearly seen, the longest transmission distance was achieved with the DM soliton. This result agrees well with the numerical analysis ͓see at 16 ps/km/nm in Fig. 13͑a͔͒. In Fig. 13͑a͒ the DM soliton has the longest transmission distance of 8000 km, next is the RZ pulse at zero GVD ͑5000 km͒, and then the NRZ pulse ͑2500 km͒. The BER was set at 1ϫ10 Ϫ12 in all cases. These results agree well with the numerical results. The difference between the experiment and the numerical analysis may be due to the polarization dependence of the gain and loss in the system and small parameter differences. It is interesting to note that the input pulses were immediately broadened to as much as 180 ps by the dispersion, nevertheless the results indicate that there is an accumulation of a small amount of Kerr nonlinearity which balances with the average dispersion giving a value of as small as 0.1 ps/ km/nm. We were able to extend the maximum transmission distance of the 1.3 m DM soliton even further by incorporating a slow speed polarization scrambler to eliminate the polarization hole burning effect in the EDFAs. Excellent experiments at 10-20 Gbit/s over 20 000 km have also been reported by Carter and co-workers and Doran et al., in which they showed that the use of DM solitons with SMF is the best way of upgrading SMF links. [50] [51] [52] [53] [54] An alternative dispersion compensation technique to the DCF is the chirped fiber Bragg grating ͑CFBG͒. 55, 56 CFBGs are more compact and less expensive than DCF, and do not suffer from nonlinear effects in the fiber. Recently, the group delay ripples that appear in the dispersion curve of a CFBG have been reduced and we can therefore further improve the transmission characteristics of DM solitons using SMFs and CFBGs. We have succeeded for the first time in sending a 10 Gbit/s soliton signal over 2900 km using 1.3 m SMF-CFBG dispersion compensation. 57 The chirped fiber gratings we used were approximately 100 mm long, with a 0.8 nm bandwidth, and Ϫ850 ps/nm total dispersion.
VII. SOLITON IN-LINE CONTROL TOWARD ULTRAHIGH SPEED AND LONG-DISTANCE TRANSMISSION
A. Principles in soliton transmission control
In a linear system, the group velocity dispersion broadens the pulse width and fiber loss reduces the signal intensity. If we use optical solitons as the signals, the dispersion problem is overcome and the loss is compensated for by EDFAs. However the use of solitons causes new problems such as soliton-soliton interaction, Gordon-Haus jitter, 40 and the accumulation of ASE noise.
Gordon-Haus jitter has a cubic dependence on the propagation distance and is a major factor in limiting soliton transmission distances. The variance in the jitter is given by
where G is amplifier gain expressed by Gϭexp(⌫Z a ), ⌫ is normalized fiber loss, Z a is amplifier spacing, h is Planck's constant, n 2 is the nonlinear index, D is GVD, L is transmission distance, t 0 is the FWHM pulse width, and A eff is the effective area. For example, for a pulse width of 30 ps, a repeater spacing of 50 km, a loss of 0.25 dB/km, a GVD of Ϫ0.4 ps/km/nm, and a spot size of 4 m, the Gordon-Haus jitter is as large as 19 ps after a propagation over 10 000 km.
The limit of the bit rate and distance product which provides a BER of 10 Ϫ9 is given by
where R is the bit rate of the system and 2t w is the detector window width. For example, when Rϭ10 Gbit/s and 2t w ϭ67 ps, the maximum transmission distance L is only 7800 km. To ensure a smaller BER, the total transmission distance should be shortened. We proposed a way to overcome the Gordon-Haus limit, ASE accumulation, and soliton-soliton interaction. [58] [59] [60] This technique is called ''soliton control'' or ''in-line modulation'' and was used to achieve a 1 mil km soliton transmission. 58 Mecozzi et al. analytically proved that a soliton can propagate over unlimited distances with this technique. 61 Soliton control is very similar to active or passive mode-locking techniques. In the active and passive mode locking of lasers, synchronous modulation is used for pulse shaping and retiming, and a saturable absorber is used for noise reduction and pulse shaping. These pulse shaping and retiming techniques are very useful for soliton control. Synchronous modulation ͑soliton control in the time domain͒ enables us to retime the position of the soliton pulse, which experiences jitter as a result of ASE noise. It is also possible to remove the interaction forces which inevitably occur between closely adjacent solitons. We proved theoretically that soliton data transmission over unlimited distances is possible with this technique since periodic synchronous modulation can reduce the ASE noise to a very low level. 60 We also installed a bandpass filter with a 0.3-0.4 nm bandwidth in the loop as a soliton control in the frequency domain to stabilize the soliton energy.
59,60 Figure 17 shows the principle of noise reduction through the use of synchronous modulation. 59 When modulation is applied to a soliton, it can be reshaped and retimed for transmission, but noise which has a small amplitude is modulated and disperses after a transmission over a certain distance. This is because a low amplitude signal is simply a dispersive wave. After a transmission over a certain distance, the next modulator is installed. Thus, the soliton is controlled and the noise remains at a very low level.
We assume a sinusoidal modulation for the shaping function f (t) and assume that its extinction ratio is 1/x (x Ͻ1). For example, xϭ0.01 means an extinction ratio of 20 dB. The signal pulse shape is assumed to be a hyperbolic secant,
where T is the period of the shaping function (ϭ1/R). The transfer function for the noise, or noise reduction ratio, due to f (t), is T R ϭ(1ϩx)/2 per shaping if the sinusoidally modulated noise disperses during propagation and becomes cw noise again before it reaches the next modulator. The transmitted signal power through the modulator T m is
͑20͒
where ␣ϭT/⌬t and is assumed to be Ͼ1. It is necessary to compensate for the attenuation to maintain the soliton pulse.
The required excess gain is 1/T m . The next amplifier adds noise but the noise is also reduced by successive modulators. Thus the total amount of noise from k amplifiers is written as
where ͗N͘ is the ASE power from each amplifier. Here,
Therefore, T R G m is always less than unity, which means that ͗N T ͘ converges for any x value. For example, xϭ0.01 ͑20 dB modulation͒ and ␣ϭ5 gives ͗N T ͘ϭ2.25͗N͘. The MachZehnder intensity modulator has a sinusoidal transmittivity as a function of the applied voltage, and the driving voltage is sinusoidal. Therefore, the transmission function has a steeper edge than the sinusoidal modulation assumed here. In an actual system, this asymmetric modulation function can remove the noise more efficiently. Another large advantage of soliton control is that the amplifier spacing L a can be extended to the order of a soliton period Z sp . Theory suggests that pulse distortion is proportional to (Z a /Z sp ) 2 , 62 and dispersive nonsoliton waves are increased with increases in Z a /Z sp . This result means that (Z a /Z sp ) 2 should be much smaller than unity to achieve ultralong distance soliton transmission. Higher bit rate communication requires a shorter optical pulse which shortens Z sp . The ASE noise added by the EDFAs also limits the amplifier spacing. It has been stated that the EDFA gain G should be less than 10 dB because excess noise grows at a rate of
. 63 These difficulties can be eliminated through the use of soliton control which reshapes the soliton pulse and removes dispersive nonsoliton waves as well as ASE noise. 64, 65 In Fig. 18 , we summarize how we can obtain a steadystate soliton pulse by using soliton control. Figure 18͑a͒ describes the situation when we use amplitude modulation ͑AM͒ϩoptical filtering and Fig. 18͑b͒ when we use frequency modulation ͑FM͒ϩoptical filtering. In Fig. 18͑a͒ , the loss due to AM modulation increases as the soliton pulse width broadens, as shown by the dashed lines. In contrast, the loss due to an optical filter decreases as the pulse width broadens, as shown by the dotted curves. Thus, the sum of these two functions gives us a solid line which has intersections A and B with a straight line corresponding to excess gain. Here, a simple perturbative analysis reveals that A is stable and B is unstable. For example, when the pulse width is broadened, it experiences net gain ͑the excess gain is bigger than the soliton control loss͒ hence the pulse width is reduced. However, when the pulse width is reduced, it experiences net loss, hence the soliton pulse is broadened. In both cases, the perturbed soliton returns to intersection A.
When we use FM, the role of AM is realized with a combination of FM and optical filtering. That is, when there is a timing shift, the soliton pulse has a frequency shift. This frequency shift can be changed into a loss by passing the pulse through an optical filter. In other words, the optical filter always pulls the soliton spectrum back to the original carrier frequency. Thus, similar to ͑a͒ we have intersections A and B.
B. 10 GbitÕs soliton transmission over unlimited distances
Our experimental setup to show the effectiveness of soliton control is shown in Fig. 19 . 66 The soliton source was a gain-switched DFB LD operating at 1.552 m which was converted to a transform-limited 30 ps pulse with a narrowband optical filter. The soliton data were coded using a Mach-Zehnder LN modulator with a data speed of 10 Gbit/s. The fiber loop was up to 500 km long and an EDFA was installed every 50 km. The transmission fibers were dispersion-shifted fibers with an average GVD of Ϫ0.4 ps/ km/nm. The Nϭ1 soliton power was as low as 0.65 mW and the average soliton period was 935 km. Soliton controls in the time and frequency domains play an important role in enabling us to maintain a repeater spacing of as much as 50 km with 24-30 ps solitons. A timing clock extraction circuit was installed in the loop and the synchronous modulator was driven by the extracted sinusoidal signal. This means that the transmitted solitons control themselves every 500 km. To realize a polarization insensitive modulator, two modulators were fusion-spliced together vertically along their polarization axes.
Fixed data patterns at 10 Gbit/s transmitted over 50 and 180 mil km are shown in Figs. 20͑a͒ and 20͑b͒ , respectively. The data patterns in Figs. 20͑a͒ and 20͑b͒ were ͗0100111001͘ and ͗1100110011͘, respectively. It is important to note that the accumulation of ASE and nonsoliton components at ''0'' signal is negligible. The BER characteristics under soliton control were also measured to determine whether or not the present soliton control technique can really preserve data without deterioration. The BER characteristics at a bit rate of 10 Gbit/s after transmissions of 10 4 , 2 ϫ10 5 , and 1ϫ10 6 km were the same, which means that there was no degradation at all in the data signal after trans- mission over 1 mil km. 58, 66 After a 1 mil km transmission, the eye was clearly open and this suggests that Gordon-Haus jitter has been eliminated by soliton control. These results indicate that soliton transmission control is a very powerful technique for sending data over long distances.
C. 40 and 80 GbitÕs single channel DM soliton transmissions over 10 000 km
The advantage of DM soliton transmission over a conventional WDM system is that the capacity of a single channel becomes much larger than that of the WDM system. In this section, we describe a single channel 40 Gbit/s soliton transmission over 70 000 km and an 80 Gbit/s transmission over 10 000 km realized by in-line synchronous modulation. 67, 68 Both experiments were performed in a 250 km dispersion-shifted fiber loop, as shown in Fig. 21 . The optical soliton source was a 10 GHz harmonically mode-locked erbium fiber laser at 1550.5 nm. 44 The pulse and spectral widths for 40 Gbit/s were 5 ps and 0.50 nm, respectively (⌬⌬ϭ0.31) and those for 80 Gbit/s were 3.0 ps and 0.81 nm, respectively. The pulse was modulated at 10 Gbit/s with a 2 11 -1 PRBS using an LN intensity modulator. In order to obtain a 10 GHz clock signal from the transmitted 40 Gbit/s signal, 10 GHz soliton units were superimposed on each other with slightly different amplitudes. This technique is also useful for reducing soliton-soliton interaction. The amplifier spacing was 50 km and the average fiber loss for the span was 12.5 dB. We used a four-segment dispersiondecreasing configuration to reduce the influence of the dispersive waves. For the 40 Gbit/s experiment, the four 12.5-km-long dispersion shifted fibers had GVDs of 0.24, 0.06, Ϫ0.04, and Ϫ0.10 ps/km/nm. We set the average GVD at approximately 0.04 ps/km/nm. The average launched power was ϩ7.0 dBm and the peak power into the first segment was 50 mW, which corresponded to an almost Nϭ1 soliton.
For the 80 Gbit/s experiment, the average launched power was ϩ9.5 dBm and the peak power into the first segment was 74 mW, which corresponded to an Nϭ1.1 soliton. The 80 Gbit/s transmission configuration is similar to that used for the 40 Gbit/s-70 000 km transmission 67 except for the polarization multiplexing technique. To achieve soliton control at 80 Gbit/s based on 40 Gbit/s electronics, we employed a polarization multiplexing technique. That is, a 40 Gbit/s single polarization signal was polarization multiplexed and interleaved with an 80 Gbit/s TDM signal by using a 7.5-m-long PANDA fiber.
After a 250 km transmission through the loop, we applied in-line synchronous modulation and narrowband optical filtering, in which the filter bandwidth was 0.80 nm for 40 Gbit/s and 1.1 nm for 80 Gbit/s. The 40 GHz clock signal was extracted from part of the transmitted soliton pulses with an ultrahigh-speed photodetector which had a 50 GHz bandwidth, and a high Q dielectric filter. The LN modulator for soliton control was driven by the extracted 40 GHz clock. To obtain 80 Gbit/s in-line modulation, the polarizationmultiplexed 80 Gbit/s signal was separated into two 40 Gbit/s signals with a polarization beam splitter ͑PBS͒ and single polarization soliton control was employed at 40 Gbit/s. This scheme is shown in the dotted area of Fig. 21 . One clock signal was applied to two orthogonal signals. The LN modulators for soliton control were driven by the extracted 40 GHz clock, where each modulator operated at a single polarization. Simultaneously, the amplitude level of the clock signal was fed back to a polarization controller to obtain maximum clock power. This ensured that the orthogonal channel was also automatically optimized. After the inline modulation, two orthogonal 40 Gbit/s signals passed through a delay unit and were reconverted to an 80 Gbit/s signal with another PBS.
The transmitted 40 Gbit/s soliton data signal was demultiplexed into a 10 Gbit/s signal by using an electroabsorption ͑EA͒ intensity modulator. The 10 GHz clock signal was extracted from the transmitted signal. Then, by adjusting the dc bias voltage and the amplitude of the 10 GHz clock signal for the EA modulator, the gate width of the modulator was set at 20 ps to extract a 10 Gbit/s signal from the 40 Gbit/s signal. The demultiplexed signal was detected with a 10 Gbit/s optical receiver and the BER was measured. The transmitted 80 Gbit/s soliton data signal was demultiplexed into a 10 Gbit/s signal by using a PBS ͑80-40 Gbit/s͒ and an EA modulator ͑40-10 Gbit/s͒.
Figures 22͑a͒ and 22͑b͒ show the measured BERs corresponding to 40 and 80 Gbit/s. In Fig. 22͑a͒ the open circles indicate the BER with soliton control after a transmission of 70 000 km. The closed circles show the BER without soliton control after a transmission of 4500 km, and the triangles show the BER at 0 km. When soliton control was not employed, the maximum transmission distance was 4500 km. The BER beyond 4500 km increased rapidly with an increase in the transmission distance due to the accumulation of the noise component and timing jitter. In contrast, when we employed the in-line modulation scheme, 58 the maximum transmission distance was greatly extended up to 70 000 km. When the received power was greater than Ϫ31.0 dBm, no error appeared at a 10 Ϫ8 -order error counter setting, which indicates that the BER was less than 1ϫ10
Ϫ8 . The inset photograph shows an eye pattern after a 70 000 km transmission, in which the eye is clearly open.
In Fig. 22͑b͒ , we show eight channel 10 Gbit/s signals, four of which were vertical and four of which were from orthogonal components. The inset photograph shows one of the eye patterns which was demultiplexed to 10 Gbit/s and the figure shows the spectral profile of the 80 Gbit/s soliton signal after a 10 000 km transmission. The solid line with the open diamonds indicates the BER at 0 km. The power penalty after the 10 000 km transmission was typically 2.5 dB and all data fell within a power penalty difference of 1.5 dB. When the received power was larger than Ϫ27.5 dBm, no error appeared at a 10 Ϫ9 -order error counter setting, which indicates that the BER was less than 1ϫ10
Ϫ9 . Without the in-line control, the transmission distance was approximately 1750 km, but we were able to extend it to 10 000 km by using in-line modulation.
These results show that an ultrahigh bit rate, well beyond a 100 Gbit/s soliton, can be transmitted over 10 000 km by using in-line synchronous modulation. This technique will be more effective when the single-channel bit rate is higher. The speed of the electronics may be limited to 100 Gbit/s and this makes all optical soliton control using high-speed optical switching more important.
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D. Suppression of polarization mode dispersion and extension of the transmission distance for a largely dispersion managed system using in-line synchronous modulation
The in-line synchronous modulation technique is also very useful for reducing the PMD. 70 When the bit rate of a system is increased, the system suffers from not only secondand third-order dispersion, but also PMD for which there is no effective compensation technique. However, PMD can be sufficiently reduced by using in-line modulation since a pulse that has been statistically broadened by PMD can be reshaped and shortened with an optical gating function. PMD causes random pulse broadening without any spectral change. 71 Therefore, spectral manipulation is not very effective in reducing PMD, although the center wavelength can be fixed. In contrast, in-line modulation can in principle reduce the wings of two pulses and reshape the wave form itself, 58, 59 which is useful for reducing the PMD effect. The effectiveness with which PMD-induced soliton broadening can be suppressed by using soliton control was recently reported. 72 However, when soliton system design is discussed via numerical simulation, it is important to evaluate not only the evolution of single pulses but also solitonsoliton interaction and the effect of ASE noise. When the bit rate becomes high, these effects play a very important role. Here, we evaluate the transmission quality of high speed ͑40 and 80 Gbit/s͒ soliton systems using the Q factor, 46 ,47 for various PMD conditions, and show that in-line synchronous modulation is especially useful for extending the transmission distance in the presence of large PMD.
The effect of PMD can be simulated by considering the fiber to be a cascade of short pieces with a constant fiber length Z h and birefringence ⌬n. At each connection point between segments, the polarization state is changed randomly and this causes statistical coupling between two orthogonal modes. According to this model, the PMD, D p , is given by D p ϭͱ8/(3)(⌬n/c)ͱZ h . 72 The propagation characteristics of the two polarized modes are governed by a coupled NLS. 71 The conditions we àdopted were as follows. The initial signal was a 32 bit pseudorandom sequence, and Z h ϭ250 m. The transmission distance was defined as that at which the Q factor was lower than 7. The Q factor was calculated after the signal had passed a second-order Butterworth type low-pass electrical filter with a bandwidth equal to 65% of the bit rate. We used a random number in the polarization rotation and calculated the mean value of the transmission distance from eight computer runs under the same condition.
Here we consider 40 and 80 Gbit/s RZ systems with a repeater spacing of 80 km. The loss, third-order dispersion, effective mode area, and nonlinear Kerr coefficient of the fiber were 0.25 dB/km, 0.07 ps/km/nm 2 , 50 m 2 , and 2.24 ϫ10 Ϫ20 m 2 /W, respectively. The EDFA noise figure was 6 dB. We installed a Lorentz-shaped optical filter with a bandwidth of 3 nm at every EDFA. The group velocity dispersion of the fiber, D, was uniform over the whole transmission line, and we calculated the transmission distance at different GVD values. The pulse was sech shaped and the FWHM was 5 ps for 40 Gbit/s and 2.5 ps for 80 Gbit/s. The peak power of the soliton pulse, P, was optimized to maximize the transmission distance for each GVD value. When in-line synchronous modulation was employed, an amplitude modulator was installed every few repeaters, and the bandwidth of all of the optical filters was changed from 3 to 1.5 nm.
Figures 23͑a-1͒ and 23͑a-2͒ show the transmission distance in the 40 Gbit/s RZ system as a function of GVD. In Fig. 23͑a-1͒ , the PMD was varied from 0.0 to 0.6 ps/km 1/2 without soliton control. When the PMD was 0.0 ps/km 1/2 , the maximum transmission distance was 4700 km ͑D ϭ0.05 ps/km/nm, Pϭ14 dBm͒. This power corresponded to that of an Nϭ1 soliton, which means that an optical soliton was transmitted under this condition. However, when the PMD was 0.3 ps/km 1/2 , the transmission distance was reduced to 1600 km ͑Dϭ0.0 ps/km/nm, Pϭ14 dBm͒, which is 1/3 of the value without PMD. This clearly shows that when the PMD becomes larger, even optical solitons cannot be transmitted over long distances. When we used in-line synchronous modulation, there was a marked increase in the transmission distance even in the presence of a large PMD. In Fig. 23͑a-2͒ , an in-line synchronous modulator was installed every 320 or 160 km, and the PMD was set at 0.3 ps/km 1/2 . The maximum transmission distance was extended to 6800 km with a modulator spacing of 320 km ͑D ϭ0.05 ps/km/nm, Pϭ14 dBm͒, and further extended to 11 000 km with a modulator spacing of 160 km ͑D ϭ0.1 ps/km/nm, Pϭ18 dBm͒. We obtained the best result when the optical pulse was transmitted as an optical soliton. That is, in-line synchronous modulation is very effective in extending the maximum transmission distance in the presence of a large PMD.
Figures 23͑b-1͒ and 23͑b-2͒ show the transmission dis- tance in an 80 Gbit/s RZ system as a function of GVD. In Fig. 23͑b-1͒ , we calculated the distance without soliton control and for PMDs of 0.0-0.6 ps/km 1/2 . It can be seen that the maximum transmission distance was 1300 km for a PMD of 0.0 ps/km 1/2 ͑Dϭ0.025 ps/km/nm, Pϭ18 dBm͒, but this was reduced to 500 km for a PMD of 0.3 ps/km 1/2 ͑D ϭ0.025 ps/km/nm, Pϭ18 dBm͒, which is about 1/3 of the value without PMD. In Fig. 23͑b-2͒ , an amplitude modulator was installed every 160 or 80 km for a PMD of 0.3 ps/km 1/2 . The maximum transmission distance was 1500 km for a modulator spacing of 160 km ͑Dϭ0.025 ps/km/nm, P ϭ18 dBm͒, and was extended to 6300 km for a modulator spacing of 80 km ͑Dϭ0.025 ps/km/nm, Pϭ18 dBm͒. It is also very important to note that the maximum transmission distance was achieved when the optical pulse was transmitted as an optical soliton. This result indicates that in-line synchronous modulation is very effective in extending the maximum transmission distance in the presence of a large PMD even for a bit rate of 80 Gbit/s.
When we apply the in-line modulation technique, it is important to note that the transmission line has soliton characteristics. Even though the line is dispersion managed, the in-line modulation is still very effective as long as the dispersion swing is small, e.g., a small GVD change of Ϯ2 ps/km/nm. However, if the dispersion swing is of the order of 10-15 ps/km/nm, the nonlinearity which supports the soliton nature becomes so weak that in-line modulation is not effective for maintaining the largely dispersion-managed soliton. That is the pulse becomes almost linear. In such a case a soliton in-line modulator, which consists of an in-line modulator, an optical filter, and nonlinear fiber to maintain the pure soliton effect, plays a very important role.
73 Figure 24 shows an application of the in-line modulation technique to a largely dispersion-managed soliton system to extend the transmission distance. This is the case for 1.3 m SMFϩDCF. The bit rate was set at 40 Gbit/s. Figure  24͑a͒ is without in-line modulation, where the maximum transmission distance is less than 2000 km as shown in the lower figure. When we apply AM modulation and filtering as shown in Fig. 24͑b͒ , the transmission distance is increased slightly but remains less than 3000 km. However, when we introduce a highly nonlinear fiber ͑soliton fiber͒ as shown in Fig. 24͑c͒ , there is a large increase in the transmission distance. This technique has been studied intensively at Alcatel in France 73 and can be understood as follows. In a SMFϩDCF dispersion-managed system, the soliton effect is very weak. Therefore, even when we apply the in-line modulation technique, the SPM is still weak. The installation of the modulator, as used in a linearlike system, is ineffective for extending the transmission distance. However, when we incorporate the highly nonlinear fiber, the soliton effect is partially generated and soliton control becomes more effective. That is, the total system becomes a solitonlike system by partially incorporating the advantage of the soliton nature. This is a kind of 3R ͑retiming, reshaping, and regeneration͒ repeater.
VIII. HIGH CAPACITY, HIGH SPEED WDM SOLITON TRANSMISSION WITH DISPERSION MANAGEMENT
A. Q map evaluation of WDM soliton transmission and its superb characteristics DM soliton transmission is very advantageous not only for TDM but also for WDM in realizing a large-capacity long-distance system. The biggest advantage of WDM soliton transmission is that one channel can carry a much greater capacity than one NRZ channel, thus enabling us to reduce the number of channels. In addition, a combination of TDM and WDM is very flexible. It had been though that the WDM soliton offered no great advantage because of the soliton collisions ͑cross phase modulation͒ between different wavelengths. However, dispersion management of the transmission line works very well to reduce the soliton collision effect and there has even been a report a 1 Tbit/s (20 Gbit/sϫ50 channels) transmission over 1000 km with a span of 100 km, in which dispersion-compensated 1.3 m SMFs were used. 37 There have been several reports of WDM soliton transmission over ultralong distances such as 80 Gbit/s (10 Gbit/sϫ8 channels) over 9000 km using the sliding filter method 74 and 160 Gbit/s(20 Gbit/sϫ8channels͒ over 10 000 km with the synchronous modulation method. 75 In addition, high capacity transmission experiments have also been demonstrated without soliton control. 76, 77 The dispersion-tuned synchronous modulation technique has also been reported as an alternative to delay time control. 78 When the in-line modulation method is used, it is highly advantageous to increase the bit rate as it is similar to laser mode locking at an ultrahigh repetition rate.
By contrast, chirped RZ transmission experiments with a total capacity of as high as 100-160 Gbit/s have been successfully reported in which the single channel capacity was 5 Gbit/s. 79 Recently 1 Tbit/s (10 Gbit/sϫ100 channels) transmissions over 6000-10 000 km have also been reported. 36, 80 In this section, we first describe the condition under which the WDM DM soliton is superior to WDM NRZ transmission with the goal of long distance transmission. Then, we show that it is possible to send 160 Gbit/s WDM soliton data (20 Gbit/sϫ8 channels) over 10 000 km by using in-line soliton control. Figure 25 shows ''Q maps'' for WDM NRZ and soliton system. 81 In the Q map for a WDM system, the Q value is represented by that of the worst channel so that the best performance is given by the worst channel. Figures 25͑a͒ and 25͑b͒ correspond to uniform dispersion and large dispersion allocation cases, respectively. There are a total of ten channels, and the bit rate is 10 Gbit/s ͑a pulse width of 25 ps͒. The channel separation is 1 nm. In Fig. 25͑a͒ , one span consists of an 80 km fiber with zero GVD and a 5 km fiber with an arbitrary GVD to change the average GVD. In Fig. 25͑b͒ , the 80 km fiber has a GVD of 16 ps/km/nm for the soliton and the GVD of the 5 km DCF was varied according to the average GVD. With NRZ transmission, the 80 km fiber has a normal GVD of Ϫ16 ps/km/nm. A dispersion slope compensation ͑DSC͒ fiber was also installed every 320 km. In both figures, the WDM Q map for NRZ is on the left and that for the soliton on the right.
As shown in Fig. 25͑a͒ , WDM soliton transmission has characteristics comparable to those of WDM NRZ transmission. Although severe soliton collisions occur in a fiber with a uniform GVD, it can be reduced by adopting dispersion slope compensation, that is by making the soliton power in each channel the same. Without the DCF, the soliton transmission performs worse than NRZ transmission. However, with DCF as shown in Fig. 25͑b͒ , the situation is completely reversed. That is, the WDM DM soliton transmission has much better Q value characteristics than the WDM NRZ transmission. This means that soliton collisions at different wavelengths are reduced due to the process of pulse broadening during DM soliton transmission. These results indicate that the DM soliton is also applicable to WDM and provides a better result than the conventional NRZ system. Figure 26 shows the transmission distance as a function of the dispersion of the transmission fiber ͑first segment͒. The system considered here is 10 Gbit/sϫ10 channels. One span has two segments with different dispersions. In Fig.  26͑a͒ , the dispersion of the transmission fiber ͑first segment͒ is anomalous, and in Fig. 26͑b͒ , the dispersion of the transmission fiber ͑first segment͒ is normal. We installed a DCF every 80 km ͑every span͒, and a DSCF every 320 km ͑every four spans͒. The transmitted signal power and the average Soliton transmission technology dispersion were optimized for each dispersion of the transmission fiber. A very interesting feature can be found in Fig.  26 . When the dispersion of the transmission fiber ͑first segment͒ is small, that is Ϫ1 to 1 ps/km/nm ͓less than approximately 1 ps/km/nm in Fig. 26͑a͒ or less than approximately Ϫ1 ps/km/nm in Fig. 26͑b͔͒ , a larger dispersion allocation gives a longer transmission distance at approximately the same rate for the soliton and NRZ systems. The reason for this is that FWM is suppressed when the dispersion allocation becomes larger. When the dispersion is further increased ͓more than approximately 1 ps/km/nm in Fig. 26͑a͒ or more than approximately Ϫ1 ps/km/nm in Fig. 26͑b͔͒ , the transmission distance increases gradually with increasing dispersion allocation in the soliton system, but it becomes almost constant and independent of the dispersion allocation in the NRZ system. This is because the interaction between the different channels and collision effects are still reduced in the soliton system when a soliton pulse with a high power level is broadened due to the large dispersion. However, this reduction is very small for the NRZ system. When the dispersion of the transmission fiber is as much as 16 ps/km/nm, which is the dispersion of standard SMF, the transmission distance of the soliton system is almost twice that of the NRZ system. These results are in good agreement with the experimental results that we reported in Ref. 82 . It is important to note that the large GVD allows us to transmit at greater power and reduces the FWM by lowering the peak power through dispersion broadening, hence the low peak power. Therefore, we obtain a high SNR condition even in a WDM system. B. 160 GbitÕs "20 GbitÕsÃ8… and "80 GbitÕsÃ2… WDM soliton transmission over 10 000 km using inline modulation
We undertook a 160 Gbit/s (20 Gbit/sϫ8 channels) WDM soliton transmission experiment in a 250 km dispersion-shifted fiber loop, as shown in Fig. 27 . The key to successfully increasing the system performance from 100 to 160 Gbit/s is the adoption of a polarization scrambler and a phase modulator at the input. [75] [76] [77] The amplifier spacing was 50 km and the average fiber loss for one span was 12.5 dB. We used eight wavelength-stabilized cw LDs which were equally spaced between 1552.0 and 1562.5 nm at 1.5 nm intervals. We employed a four-segment dispersiondecreasing configuration. The use of the dispersion- FIG. 25 . Q contour maps for evaluating WDM systems. ͑a͒: no dispersion allocation, ͑b͒ large dispersion allocation. The Q map for the NRZ pulse is on the left-hand side and that for the DM soliton is on the right-hand side.
decreasing configuration is a very powerful way of reducing collision effects and dispersive waves although it requires a rather more complicated selection procedure than when we use fibers with uniform dispersion. Two polarizationinsensitive EA modulators were used to convert the cw beams into 11-13 ps optical pulses at 20 GHz. One modulator was for signals at 1552.0, 1555.0, 1558.0, and 1561.0 nm ͑group 1͒ and the other for 1553.5, 1556.5, 1559.5, and 1562.5 nm ͑group 2͒. Two LN modulators were independently used for the data coding with a 2 11 -1 PRBS at 20 Gbit/s. Data signals for group 1 were modulated with a Q format and those for group 2 were modulated with a Q format in order to obtain uncorrelated neighboring channels. After amplifying each pulse to the corresponding soliton power level, all signals were polarization scrambled at low speed and synchronously phase modulated at 20 GHz before being introduced into the 250 km loop. The EDFAs were pumped by 1.48 m LDs and had a relatively large bandwidth for WDM use. The total transmitted power was approximately ϩ10 dBm.
After the 250 km transmission, the eight channel soliton signals were separated into their respective wavelengths with a WDM coupler. To keep the same GVD in each channel, we installed a DCF in each channel after a 250 km four-step dispersion-decreasing configuration. In this case, the average GVD for all channels was set at 0.12 ps/km/nm by connecting a different DCF to each channel. Since the average GVD is kept at 0.12 ps/km/nm in each channel, the average power for each channel was kept at the same value ͑ϩ1.0 dBm͒. Next, we applied in-line synchronous modulation and narrowband filtering. Three modulators controlled two channels each and two other modulators controlled one channel each. The bandwidth of the optical filter was approximately 0.35-0.45 nm. To obtain polarization insensitive synchronous modulation characteristics, two LN modulators were connected orthogonally. This modulator was driven by an extracted 20 GHz clock for each channel. Then, while keeping the soliton power at an appropriate level, the pulses were multiplexed again through the WDM coupler and fed back to the input of the loop.
The eight clock signals for in-line modulation were cleanly extracted. When each channel was not well controlled, the wing of the 20 GHz clock signal had a broad and high pedestal which did not appear when the solitons were under control. This means that even in the presence of strong interactions between solitons with different wavelengths, stable solitons can be transmitted over long distances.
The BERs after a 10 000 km transmission are shown in Fig. 28͑a͒ . When the received power was larger than Ϫ28.0 dBm, no error appeared at a 10 Ϫ8 -order error-counter setting, which indicates that the BER was less than 1ϫ10
Ϫ8 . The maximum power penalty difference was 1 dB. The inset photograph shows an eye pattern after a 10 000 km transmission at 1555.0 nm. When we installed a polarization scrambler, we were able to increase the number of channels, and when we also used phase modulation, we achieved a more stable transmission at a lower penalty. Figure 28͑b͒ shows how the BERs degrade as the propagation distance is increased. The BERs started to degrade after a transmission of 12 000 km. This indicates that even when soliton transmission control is employed in each channel, it is not possible to send WDM solitons over unlimited distances. This is attributed to the fact that there are many collisions between different channels. However, it was possible to send a 160 Gbit/s (20 Gbit/sϫ8 channels) WDM soliton over at least 10 000 km. These results indicate that ultrahigh capacity WDM transmission over 10 000 km is also feasible through the use of soliton technology. Figure 29 shows our setup for 160 Gbit/s (2ϫ80 Gbit/s) WDM soliton transmission over 10 000 km. In Sec. VII C, we described single channel 80 Gbit/s soliton transmission with in-line modulation. We extended the 80 Gbit/s soliton to a WDM scheme. 68 This change was not difficult since we used the same synchronous modulators for two channels. The channel wavelengths were 1550.5 and 1556.0 nm. We employed a polarization multiplexing technique to FIG. 26 . Increase in the transmission distance of a 10 Gbit/sϫ10 channel WDM system as a function of the dispersion of the transmission fiber ͑first segment͒. The fiber dispersion is ͑a͒ anomalous, ͑b͒ normal. A DCF is installed every 80 km, and a DSCF is installed every 320 km.
increase the bit rate from 40 to 80 Gbit/s. This enabled us to realize soliton control at 80 Gbit/s based on 40 Gbit/s electronics. 83 We undertook the experiment with a 250 km fiber loop, which consisted of five spans. Each span was 50 km long and the average fiber loss per span was 12.5 dB. We used a four-segment dispersion-decreasing configuration to reduce the influence of the dispersive waves. The four 12.5-km-long DSFs had GVDs of 0.24, 0.06, Ϫ0.04, and Ϫ0.10 ps/km/nm at 1550.5 nm and 0.65, 0.47, 0.37, and 0.31 ps/km/nm at 1556.0 nm. We set the average GVD at approximately 0.04 ps/km/nm by using a DCF. The average launched powers at 1550.5 and 1556.0 nm were ϩ9.5 and ϩ10.0 dBm, respectively, and the corresponding peak powers into the first segment at each wavelength were 74 and 83 mW, respectively. These values also correspond to Nϭ1.2 and Nϭ0.85 solitons, respectively.
We used two 10 GHz harmonically mode-locked erbium fiber lasers operating at 1550.5 and 1556.0 nm. The output pulses were simultaneously modulated at 10 Gbit/s with a 2 11 Ϫ1 PRBS using an LN modulator. A PLC was used to optically multiplex the 10 Gbit/s signals into a 40 Gbit/s data train. We converted the 40 Gbit/s single polarization signals into two 80 Gbit/s TDM signals with different wavelengths. By injecting the two signals into a PANDA fiber with an axis oriented at 45°, the group delay difference between the two axes created a polarization multiplexed 80 Gbit/s signal at each wavelength. Since the group delay difference between the two axes of the PANDA fiber at 1550.5 nm is the same as that at 1556.0 nm, we used the same PANDA fiber as in the previous study.
After the signal had been transmitted through the 250 km loop, we applied in-line modulation to each wavelength along with optical filtering. The filter bandwidth was 1.1 nm. First we installed a WDM delay unit to synchronize the timing between the two channels at each modulator. Each delay unit is capable of precisely tuning the pulse peak timing. Then we coupled two channels into a PBS. The PBS separated the polarization-multiplexed 80 Gbit/s signal into two 40 Gbit/s signals and single polarization soliton control was employed at 40 Gbit/s. For the synchronous modulation, a 40 GHz clock was extracted from part of the 1550.5 nm transmitted soliton pulses by using a photodetector with a 50 GHz bandwidth and a high Q dielectric filter. The clock signal was then supplied to two 40 Gbit/s orthogonal signals in both channels. Each single-polarization LN modulator for soliton control driven by the extracted 40 GHz had the same modulation performance for both 1550.5 and 1556.0 nm.
Simultaneously, the amplitude level of the clock signal at 1550.5 nm was fed back to a PC to obtain maximum clock power. This ensured that the orthogonal channel was also automatically optimized. The clock signal at 1556.0 nm was Figures 30͑a͒ and 30͑b͒ show the measured BERs. We measured eight channel 10 Gbit/s signals for each channel, four of which were vertical and four of which were from orthogonal components. The inset photograph shows one of the eye patterns, which was demultiplexed to 10 Gbit/s after the 10 000 km transmission. The solid line with open diamonds indicates the BER at 0 km. The power penalty after the 10 000 km transmission was typically 3.5 dB and all data fell within a power penalty difference of 2.0 dB. When the received power was larger than Ϫ27.5 dBm, no error appeared at an error counter setting of 10 Ϫ9 , which indicates that the BER was less than 1ϫ10
Ϫ9 . Without the in-line control, the transmission distance was approximately 1500 km, but we were able to extend it to 10 000 km by using in-line modulation. This result shows that an ultrahigh bitrate TDM/WDM soliton can be transmitted over 10 000 km by using in-line synchronous modulation.
C. 640 GbitÕs "40 GbitÕsÃ16… dense WDM "DWDM…, DM soliton transmission over 1000 km using SMFs
The approaches to WDM soliton transmission described so far have focused on ultralong transmission using in-line modulation. In this section, we describe ultrahigh capacity DM soliton transmission over 1000 km, in which a SMF was dispersion compensated by using reverse dispersion fiber ͑RDF͒. RDF is a type of DCF which can compensate for anomalous dispersion with a ratio of approximately 1:1. 84 Our experimental setup for 640 Gbit/s ͑40 Gbit/s 16 channels͒ WDM transmission is shown in Fig. 31 . The optical sources were 16 wavelength-stabilized cw LDs that were equally spaced from 1550.92 to 1563.05 nm with a spacing of 100 GHz. A bit rate of 40 Gbit/s and a frequency spacing of 100 GHz gives a spectral efficiency of as large as 0.4 bit/Hz, which is already well within the dense WDM ͑DWDM͒ transmission region. The signals were separated into two groups ͑group 1: 1550.92-1562.23 nm, group 2: 1551.72-1563.05 nm͒. After combining the group 1 signals, an EA modulator was used to convert the group 1 signal into 10-12 ps optical pulses at 20 GHz. The same pulse generation process was applied to group 2. Two LN modulators were independently used for data coding with 2 11 Ϫ1 PRBS at 20 Gbit/s. To obtain a 40 Gbit/s signal, polarization and time-domain multiplexing techniques were used by employing the polarization mode dispersion of a PANDA fiber. To reduce the interaction between adjacent pulses, the time delay between the two polarization modes was set at 75 ps. The length of the PANDA fiber was 65 m. To achieve a stable transmission in the dispersion managed line, we applied an initial chirp of Ϫ30 ps/nm to the soliton pulses by using a high dispersion fiber since a chirped Gaussian pulse is a steady-state pulse for a DM soliton. After passing through the high dispersion fiber, the signal pulse width had increased to around 16-18 ps due to the fiber dispersion. The WDM signal was coupled into a 250-km-long recirculating loop through a 3 dB coupler. The loop consisted of five spans of fibers and EDFAs. The amplifier spacing was 50 km and the average fiber loss was 12.0 dB. The EDFA gain tilt was compensated for by a gain equalizing filter in the fiber loop. The transmission line consisted of 30 km of SMF and 20 km of RDF. The average GVD was set at around ϩ0.02-ϩ0.06 ps/km/nm between 1550 and 1565 nm and the dispersion slope was smaller than 0.005 ps/km/nm 2 . The average coupled power to the SMF was set at 14 dBm. The transmitted WDM signal was demultiplexed into each wavelength component by using an arrayed-wavelength grating ͑AWG͒ demultiplexer. The transmission bandwidth and channel cross talk of each AWG channel were 0.4 nm and less than Ϫ25 dB, respectively. The 40 Gbit/s signal was demultiplexed to 20 Gbit/s using a polarization beam splitter, then the 20 Gbit/s signal was optically demultiplexed to 10 Gbit/s using an EA modulator.
The spectra of 16 channels at the input and after a transmission over 1000 km are shown in Fig. 32 , in which the input spectrum is shown in Fig. 32͑a͒ and that after transmission in Fig. 32͑b͒ . Figure 33 shows the change in the received power level at 10 Ϫ9 BER after 1000 km transmission for each channel. Each channel consisted of four 10 Gbit/s signals and all channels had a BER of less than 1ϫ10
Ϫ9 . This result indicates that a dispersion-free, dispersionmanaged single-mode fiber can transmit a high speed high capacity DWDM soliton signal over long distances. This result also agrees well with the results in Fig. 26͑a͒ .
IX. SUMMARY
We have described recent progress on the DM soliton. The experiments described in this paper were carried out at NTT Ibaraki and Yokosuka Laboratories over the past decade. We have attempted to explain how we arrived at the DM soliton technique after exploring the average soliton or dynamic soliton technique. The DM soliton has a large power margin and dispersion tolerance compared with conventional NRZ or RZ pulse transmission at zero GVD. This is because the dispersion allocation ͑swing͒ enables us to keep the transmitted pulse energy at a high level as the GVD in each fiber segment is much larger than the average GVD. That is, pulse broadening occurs due to the large GVD, meaning that greater energy is needed to maintain its intensity. In other words, there is a power enhancement factor. It is also important to note that simply increasing the power is insufficient to improve the transmission characteristics. Because of the dispersion allocation, nonlinear effects such as four-wave mixing and modulation instability cannot evolve smoothly. Therefore, even when the input power is large, the SNR can be maintained at a high level.
DM soliton transmission using conventional 1.3 m SMF seems to be a very promising method as it can improve the capacity of 600 Mbit/s to 10-40 Gbit/s. We described experiments in a single channel 10 Gbit/s transmission over 10 000 km and 640 Gbit/s(40 Gbit/sϫ16 channels͒DWDM transmission over 1000 km. The spectral efficiency in the 640 Gbit/s experiment reached as high as 0.4 bit/Hz. There are two possible ways of realizing the potential of DM soliton transmission. One is TDM with soliton control, which enables us to send an ultrahigh-speed signal channel transmission over 10 000 km. In this regard, we described an 80 Gbit/s transmission over 10 000 km. The other is WDM, which also enables us to construct a high-speed and high capacity system with high-speed single channels. For this purpose, we described an 8ϫ20 Gbit/s transmission over 10 000 km. The difference between conventional WDM and DM soliton WDM systems is the single channel capacity.
The DM soliton can offer a much higher bit rate per channel.
We would like to emphasize here that the DM soliton is the best way of achieving high speed long distance singlechannel transmission and dense WDM transmission. This technology will play a very important role in realizing the optical networks of the 21th century.
